The International Cancer Genome Consortium (ICGC) is a multidisciplinary, multi-institutional collaborative effort aiming to systematically and comprehensively characterize somatic mutations in 50 different cancer types and subtypes (1) . Five hundred tumor genomes, as well as matched normal control genomes for each cancer type, will be analyzed using high-throughput next-generation sequencing technologies to detect a wide range of somatic mutations, including single nucleotide mutations, small insertions/ deletions, copy number alterations, translocations and other chromosomal structural rearrangements. Genomewide methylation state analysis and whole-transcriptome sequencing have also been planned to provide additional molecular-level characterizations. To make the effort more scalable each member institution specializes in generating data for a particular tumor type. At the time of writing, 12 countries have joined the effort ( Figure 1) .
One of the major goals of ICGC is to rapidly bring these data to the cancer research community in order to accelerate studies on the discovery of cancer causes, to enhance the accuracy of diagnoses and to improve treatments. In order to achieve this task, the data generated by the consortium members have to be managed efficiently. Amongst the most important data management challenges faced by the consortium is the high complexity and heterogeneity of the data types involved, the necessity to link ß The Author(s) 2011. Published by Oxford University Press. This is Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http:// creativecommons.org/licenses/by-nc/2.5), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. different data types, and the need to protect controlled data. Furthermore, the high volume of data and the distributed nature of the sources make traditional centralized approaches to data management impractical. Consequently, the ICGC has adopted federated data architecture to address their data management needs. The scalability of the system is improved by having each member institution store and process data locally; the data federation software then presents these separate sources as a single access point for remote data access.
BioMart, an open source data federation system (2), has been chosen as the ICGC data management platform. A number of features make BioMart an attractive solution for the ICGC. BioMart's flexible data model makes it generally applicable to a wide range of biological data types and built-in query optimizations make it suitable for large data sets. In addition, BioMart supports an industrystandard security framework that is needed to provide secure access to the controlled data. Finally, a large number of existing expert-maintained public annotation databases can be readily federated, adding value to the interpretation of the ICGC experimental data.
The architecture of the ICGC data management system has been modeled on the BioMart Central Portal (3, 4) . For a number of years, the portal has been successfully providing a single point of access to a large number of biological databases distributed across the world. Each BioMart database federated in this portal is maintained independently, released and updated on its own schedule. Similarly, each ICGC member maintains their local BioMart database where clinical annotations and the data produced from genomic analyses are deposited. However, in order to make these data comparable across different cancer projects and create a unified ICGC data set, a mechanism for enforcing uniformity is required. Thus, the same set of data models, controlled vocabularies, ontologies and reference data sets are used in all of the ICGC member databases. Furthermore, a gene-centric data model adopted from Ensembl Mart (5) is used to reference experimental data to the same set of annotated genes.
In order to link individual BioMart databases into a unified system, each of the ICGC member institutions maintains an instance of the BioMart server. These servers can each access data in three ways: they can access their own local databases directly; they can communicate with the other ICGC BioMart servers, in order to retrieve data from remote databases; and they can communicate with non-ICGC BioMart servers, such as COSMIC (6) and Reactome (7), to retrieve publicly-available annotation data. In this manner, the BioMart server maintained by each ICGC member acts as a fully featured ICGC data portal, providing unified access to all the consortium data. The users select a combination of different data sets and specify query criteria using a variety of graphical user interfaces and analysis tools that are available from the portal. Application programming interfaces (APIs) for Java, REST, SOAP and SPARQL are also available for programmatic access. Behind the scenes, BioMart software breaks down this query into smaller parts that are distributed to the remote data sources. The results are collected and compiled into a single unified results set that is presented to the user.
Some of the data in the portal has access restrictions in order to preserve patient privacy. To protect this sensitive data, communication between BioMart servers is secured by HTTPS and authentication is handled using the oAuth protocol. Access to controlled data is managed by the Central Registry server. When a user logs into an ICGC data portal server using his/her OpenID, the server will consult the central registry to ensure that the user is authorized to access the data (Figure 2 ).
Data content
At present the portal contains data from 24 cancer projects, consisting of 3478 genomes and 13 cancer types and subtypes. This includes the data generated from seven studies performed by five ICGC participating institutions located in four countries. The Data Portal also hosts data from other large-scale cancer genome projects including The Cancer Genome Atlas (TCGA) (8, 9) , Tumor Sequencing Project (TSP) (10) and Johns Hopkins University (11) (12) (13) (14) . Open access data sets include (i) simple somatic mutations, (ii) copy number alterations, (iii) structural rearrangements, (iv) gene expression, (v) miRNA, (vi) DNA methylation and (vii) exon junctions. Secure access to controlled data sets, such as germline variations, is available to authorized users. A summary of data currently available on the Data Portal is shown in Table 1 . In addition to cancer genomic data, the Data Portal also federates several public databases (Table 2) . Currently this includes Ensembl genome database (5), Kyoto Encyclopedia of Genes and Genomes (KEGG) (15) (16) (17) , Reactome (7), COSMIC (6), Pancreatic Expression Database (18) and the Breast Cancer Campaign Tissue Bank (19) , and the number of resources is continuously growing.
Query examples
The Data Portal provides three major interactive entry points: Identifier Search, Analysis and Database Search (Figure 3 ). Identifier search ( Figure 3A ) lets users input identifiers that are commonly used in public annotation databases (e.g. HGNC gene symbol, Ensembl ID, RefSeq ID,   ......................................................................................................................................................................................................................................................................................... .... ..................................................................................................................................................................................................................................................................................... UniProt ID and other accessions) and returns links to the corresponding Gene Report page, which displays basic gene description, pathway annotation, mutations found in the COSMIC database, as well as pancreas and breast cancer expression data ( Figure 4 ). In addition, the Gene Report displays a summary of mutation frequencies in the selected gene across all cancer projects ( Figure 4D ). Records in the gene report (i.e. genomic coordinates, pathway name, publication) are linked to appropriate resources when available, allowing users to easily retrieve additional information on their data of interest.
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To help with the interpretation of cancer data, Gene and Pathway analysis tools are available in the Analysis section of the Data Portal ( Figure 3B ). These tools enable users to view the most commonly affected genes or pathways in one or more cancer projects. Results are presented in an easy-to-follow chart that can be exported as an image file, and the numerical data can also be downloaded for further processing ( Figure 5 ).
Using the Database Search entry point ( Figure 3C ) users can interactively query the database by several data types: genes, samples, simple mutations, copy number alterations, structural rearrangements, gene expression, miRNA, DNA methylation and exon junctions. Three interfaces are available: Quick, Flexible and Advanced. The Quick interface contains a pre-selected set of the most commonly used ........................................................................................................................................................................................................................................................................................ .. filters such as gene type, mutation type and chromosome, and outputs a fixed set of attributes. The Flexible interface contains additional filters and a selection of attributes, allowing the user to choose which data are displayed in the output. The Advanced interface contains the complete set of filters and attributes, including technological platforms used for sequencing, and clinical parameters such as patient gender and tumor histopathology.
To demonstrate the utility of the ICGC Data Portal we present several queries that can be performed using different query interfaces.
Query #1 (Quick Search): 'Search for genes affected by copy number loss and also detected as deletion from structural rearrangement analysis.' (Figure 6 
Conclusion and future directions
The ICGC Data Portal is the first project to successfully federate large amounts of cancer genomics data and rich annotation data in a single access point. It presents a scalable approach, not only in the traditional sense of parallelizing data processing and storage, but also in a more general sense of outsourcing the external annotation expertise, by federating annotations from independently maintained databases. This approach has proved to be successful in addressing ICGC data management needs and can be useful for similar, large-scale collaborative projects. The ICGC Data Portal will continue to expand by adding more data, both from within the project in the form of new cancer genomics data from ICGC members, and by integrating other public annotation databases to further the depth of analysis possible through the data portal. Additionally, new tools will be developed to increase the flexibility and utility of the system. This includes tools for ICGC deployers, to further streamline the data processing, transformation and loading processes, and tools for users, to add new methods of data visualization and analysis to the portal.
